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& THEORY AND APPLICATION OF HOT-WIRE INSTRUMENTS IN
THE INVESTIGATIOE OF TURBULENT BOUNDARY LAYERS

By G, B. Schubauer and P, 8, Klebanoff

SUMMARY

An account 1s given of the recent developments in hot-—
vire instruments for use in turbulent dboundary layers to
determine the magnitude of the several components of the
turbulent velocity fluctuatione together with the correlation
between them and turbuleant shearing stress. The instruments
were developed in order to make possible a study of the
turbulent characteristice of the layer as well ag the average
characteristics 1an a, general investigation of the turdulent
boundary layer under conditions produwocing separation., The
experimental sotup nweed to provide a thick turbulent doundary
layer 1s described, and results are included to show the
general nature of the boundary layer, as well as examples of
the measured fluctuationa, correlation coefficlent, and
turbulent shearing stress. Finally the orrors inherent in
the hot—wire method are discussed.

I, INTRODUCTION

The object of this investigation of the characteristics :

of turbulent doundary layers 1s to provide a sound basis of .
understanding of ‘the turbulent type of boundary layer through
careful study of its development and separation. The inves—
rycklgation .involves the measurement of pressure distridution,

gietridbution of mean velocity across the layer, boundary layer
h lckness, and ehape parameter, as well as measurements of tho
¥turbulent characteristics of the layer.,

While a considerable fund of infermation exiaste on the,
mean flow in turbulent boundary laysrs, little is known about
the turbulence itself, All concerned with the boundary—layer
problem agrese, however, that turbulent mixing processes are

’

'
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the furdamental processes in the boundary layer and contain
the explanation of such averags characteristics as velocity
distribvtion, internal friction or shearing stress, and sep—
aration in an adverse pressure gradient. It is therefore

not for lack of importance that turbulence measurements have -
been neaglected, but rather from a lack of sultable instru—
ments and technigues for making the necessary measurenents.
When the present boundary-layer investlgation was undertaken,
it was decided to determine as many characteristics of the
turbulence as possible, along with the average characteris—
ticsa of the layer, to f£fill in the gap left by former investi-
gatorsa., In order to male the turbulence measurements, it

has been necessary first to develop soms special type of hot—
wire anemometer instruments. The present report covers re—
search on development of the various hot—wire instruments

and thelr adaptation to the turbulent boundary-—layer investi-—
gation,

In order to see what turbulent characteristics of the
layer should be measured to best further an understanding of
turbulent boundary layers, it 1s well to look into the usual
boundary—layer concepts assoclated with turbdulence. It is
- customary to think in terme of the veloclity fluctuations and
to regard these fluctuations as the velocity of migration of
fluid masses relative to the mean flow, The three mutually
perpendicular components of the fluctuations are denoted here
by u, v, and w and are defined under Symbols in the fol-
lowing section. As expressed by Von Earmdn in reference 1,
the main characteristice of turbulent flow at 2 given polint
are the magnitudes of the fluctuations and the correletion
between them. _The average product of the fluctnations, as,
for example, uv, multiplied by the density are the turbu—
lent shearing stresses. Momentum transfer, which gives rise
to the shearing stresses, involves the concept of a lengtil,
or characterlstic size, of the region involved in the turiu-—
lent exchange. The descriptive term "mixing length" to de—
note this characteristic length was first used by Prandtl.

The migratory processes are imagined to be somewhat
analogous to those involved in the kinetie theory of gmses,
with the turbulenf motions corresponding in the analogy to
molecular motions in a gas and the mixing length correspond-
ing to the mean free path. While such concepts have been in
use for many years, little is known about the actual nature
of the processes, and assumptions about them have had to be
made in formulating fundamental laws. In relatively simple
cases, such as turbulent flow in pipes and turbulent boundary
layers on plane surfaces, the assumptions have yielded formu-
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las for mean velocity distribution in fair agreement with
experiment; but in csses where a turbulent bdoundary layer
develops under the combined action of friction and large
pressures gradlenta, the usual asaumptions lead to erroneous
results and are obviously not valid. This 1s particularly
true in large adverse pressure gradlents, and it 1les here
that the greatest need arises for an understanding of the
actual nature of the turbulent processes.

There ig need, thaorefore, for experimental defermina-—
tiong of the magnitude of the various components of the
fluqtuationa. the correlation between components, the tur—
buient shearing stresses, and mixing Tengths in turbulent
boundary layers. These will provide the basic information
on wvhich to base laws governing the mean motlon and the de—
velopment of the layer. The object in instrument develor—
ment has been to obtain the meuans for making measurements
that will permit the determination of as many of these quan—
tities as possiblae.

This investigetion, conducted at the National Bureau of
Btandards, was sponsorod by and conducted with the financial
asslstance of the National Advisory Committee for Aeronautiocs.

II, SYMBOLS

Uq free—atream velocity, defined here as the velocity
that would exist in tLhe region occupied by the wall
with the wall absent

Qo free—stream dynamic pressure corresponding to U,

U local mean veloclty at any point

U, particular local mean velocity Jjust outside of
boundary layer

x dlstance along surface measured from the forward
etagnation point

¥y distance normal to surface, measured from the surface

s coordinate normal to x and y with origin on the

center line (In the two—~dimensjonal case considered
here, mean flow conditions do not vary in the z—
direction.)
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X)¥,8
xy—plane

x2—plane

coordinates of a point in doundary layer
p;ane of mean flow

plane normel to xy-plane and tangent to local
direction of mean flov.at all points

x—component of veloclty fluctuation lying in xy-
and xg—plane .

y—component of velocity flunotuation lying in xy—
Plane : :

zg—~component of velocity fluctuation lying in xz-—
plane

root—mean—square values of u, v, and w; that is,
u! ='\/u= , w! =J'v_'i" , w!' =4 w® , where the bar

denotes mean value. The primed symbols are usecd to
aveold an awkward notation in equations

mean value of product of u and v

angle between axis of hot wire and direction of
wind at the location of the wire

rate of heat losa from hot wire, watts per second
instantaneous temperature of wire

equilidrium temperature of wire

mean temperature of hot wire, degrees C

ailr temperature, degrees C; slso temperature of
wire when unheated

mean resiatanée of hot wire at temperature E, ohms
reslstance of wire at temperature Tg» ohms

resistance of unheated wire at 0° C

resistivity of the material of the wire at 0° o
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a temperature cocefficient of reeletance referred
to 0° 0
) -Rou nlbpb of temperature-resistance curve
1 current through hot wire
E = AR mean voliaege across hot wire (When two wires

are used, X, denotes mean voltage acrose wire
I and 3R; denotes mean voltage across wire I11.)

B, = By + B3 sum of mean voltage across pair of wires

By = By -~ B3 difference of mean voltage across palr of wires
ARy change in By per radilan

e (wvith various subscripts) volscage fluctuation
compensated for wire lag

t time

M, lag constent of wire

M time constant, seconds

Y phase angle

£ frequency, cycles per second

m mass Of the hot wilre

s speclific heat of material of the wire
P denslity of material of the wire

r ) radlius of wire

P density of alr, slugs per oubic foot
'Y viscoslity of eir, siug ft~1 sea™?
v=u/p kinematic viecosity of air, ft2? asce-2

T = -p uv shearing stress, pound per square foot
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To shearing etress on the surface or eskin friction
_ag = T/1/3 gU,° = 259 /U,® friction coefficlent
X = @ /u'v! ocorrelation coefficient K %%
} mixing length 1 "~WH$AQ0"W‘“‘
TN
L] boundary—layer thickness -~ -Tklﬂ
qm
U -
8" displacement thickness 1 -=—)ay _
t Uy ! Vv
o
U U
0 momentum thickness / = 1 — =) dy
L U, Us

(o]

E =8%/0 ghapo parameter
c chord of wall, 27.¢ feot
Xg position of separation point

BN = UoC/v Reynolds numbder
III, THE KATURE OF THE PROBLEMS INEVOLVED

The so—called "turbulence wire," consistiang of a hot—
wire anemometer with a single wire normal to the wlnd, has
been successfully used in the past in both laminar and
turbulent boundary layers to measure the u—component of the

luctuations. An attempt was made about 1937 by H, K,
Skramgtad to determine v— and w—components of the fluctua—
tlons in a turbulent layer by the method of thormal diffusion.
(Results unpublished., Method and theory given in refer—
ences 2 and 3.) He found that the interpretation of results
vag uncertain because of effects of velocity gradiont.
Skramstad found, howvever, that & hot—wire anemometer with
the wire making an angle of about 45° to the wind could be
used with apparent success to measure turbulent shearing stresse
(reference 4). In recent years, specially constructed
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hot—wire anemometers have taken the place of thermal diffu-
sion apparatus and have found conslderables use in the measure—
ment of the cross—stream componeat of turbulence in wind
tunnels. Early attempts to use these instrumente ian turbu—
lent boundary layers, while not entirely successful, in-—
dicated at least that under proper conditions reliable re—
sulta should be obtainable, The principal condition was

ﬁhﬁ‘tﬂﬁiaar; Tayer, TH1S same ‘condition applies to the
measurement of shearing stress,

On the basis of thias experilence an investigatlion of the
turbulent boundary layer again was undertaken, The require—
mente of the experimental setup were that the boundary layer
should be as thick as possible in order to avoid the necescity
of bullding hot—wire instruments vanishingly smell and that
the adverse pressure gradient parallel to the surface should
be sufficlently large to produce separation and yet be
negligible normal to the surface. This required a8 long sur—
face with small curvature, and accordirgly the "wall' shown
in figure 1 was constructed in the National Bureau of
Standards’ largest wind tunnel, namely the 10-foot ocpen—
alr tunnel. The shape and dimensions of thlas wall are shown
in figure 2. The working side, which 1s the glide with curva—
ture on the downstream end, has a amooth snrface 28 feet
long. The blister on the side of the tunnel was added to
steepen the pressure rise and produce separation at the point
indicated. By sultable control of the secondary flow near
the floor, the flow along the central sectlion was rendered
two—dimens lonal up to and somewhat beyond the separatioa
point.

During the course of the investigation difficulties were
encountered with the hot—vwire instruments. While the prirary
cause 0f the difficulties was the dirt and flying particios
carried by the wind, the difficulties manifested themselves
in such a way as to show that the reculirements for accurate
neasurements had not been fully appreciated at the outset of
the investigation. ¥or example, flying particles broke and
bent the delicate platinum wires used as the sensitive element
on all hot—wilre instruments, BScreeaing the entrance to the
tunnel improved matters somewhat, dbul collisions with smaller
particles still getting through the soreen bent the wires
and changed the calibration of those instrumenta the charac—
teristics of which depended on the angle between the wire
and the wind, Platinum wires could not be placed under
tenaion, and an impact, however slight, with a solid body
changed the shape of the wire. Ian fact, it has since bpcome
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clear that it was only a matter of good fortune that measure—
mente of shearing stress were ever possible without having
the wire under tension to lnsure constancy of angle., Another
difficulty equally destrimental to ascuracy was the accumu—
lation of dirt on the wires.

While these Aifficulties were probadbly at their worst in
an open—alr wind tunnel, they were of such a nature as to
indicate that the hot—wire instruments generally might not be
practicadle for all the meansurements theoretically possibdle.
Having found the requirements to be met by a suitable ipn—
strument, new methods of conetruction were trled using
tungsten wire and the performance of these new types was
investigated in detail. As the result, satisfactory in-
struments were found, and methods of reducing observed data
wvere improved on the basis of more complete information on
the characteristics of such instruments. Thus the stage
has been reached where it 1s poseidle to scate what measure—
ments are possidble in practice as well as 1n theory and glve
an estimate of the order of the accuracy osbtainable. The
purpose of thie report is to make this information avall-—
able and show examples of typical results. So far, no work
has been done at velocities in excess of 160 feet per second,
but with the new instruments, velocity ehould not be a limit—
ing factor.

IV, TYPES OF HOT—WIRE INSTRUMENTS AND MEASURABLE

CHARACTERISTICS OF THE TURBULENCZ

All hot—wire instrumente considered in thies report
depend on the rate of heat loss from an electrlcally heated
wire in the wind stream, While some of these instrument:
are 8o designed that the rate of heat loss depends on both
magnitude and directlion of the wind, they may all be re—
garded as types of hot—wire anemometers. The electrical
apparatus is arranged for operation of the wire with constant
heating current. Thig means that the current through the
wire may be set at any desired value, btut once set 18 main—
tained constant elther manually or automatically and the wire
temperature is allowed to vary as the rate of cooling varies
with changes in speed or direction. The resulting change in
reslstance gives rise to a change in voltage across the wire.
Voltage fluctuations, when treated.in the manner explained
' in the following sections, serve to indicate certesin character—
istics of the turbulence.
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The simplest kind of hot—wire anemometer, and the kind
that has been mnesed for many years, consists simply of a
single wire placed normal to the wind., This kind of in—
‘strunent, shown in figure 3a responds only to the magnitude
of the velocity. Several schemes have besen suggested for
producinz hot—wire instruments with direotional character—
igtice. One such scheme is %0 place two wires very close
together and so obtain a differentlial heat loss that depends
on the ‘direction of the wind., W¥While some investigators
harveropvorted sauccees with this scheuns, the instruments
appear to be diffiocult to construnoct. The writers' esxperiente
has shown that it 1s much easler from the standpoint of
techniygus to take adventage of the directional character—
iatics of & single vire set at an angle to the wind. Such
wires may be used singly as shown in figure 3b or in pairs
as shown in figures 3¢ and 34, When used in pairs the
wlres are close together, but lie in separate paralliel
Planes. The sharacioristics of such instruments are treated
in section VII, and the method of construction is described
in section V. The development and use of hot—wire in-
struments has been restricted to the types showa in rigure
3.

The single wire shown in figure 3a 18 sensitive to u
and is used to measure wu!, The pingle slanting wire shown
in figure 3b ls sensitive to u and v when lying in the
xy—plane and to u and w wvher lying in the xz—plane, and
is used in the xy-plane to measure wuv. It 1s pointed out
that so far all exnerimental work hss benn confined to the
two—dimensional case in which uw 18 sero. The pair of
viree intersecting at about 90° ghown in figure 3c may also
be used to measure UV, arnd vhen properly constructed, an
instrument of this type has certain edvantages over one
with a single slanting wire., The x—wire arrangement shown
in figure 34 4Aiffers from figure 3¢ only by the smaller
angle of intersection and 1s used so as to be sensitive
only to v when the wires lie in the xy—plane ahd to w
wvhen the wires lie in the xwx—plane. Tnis instrument. is
used in the respestive planes to measure v'! and w',

The measured quantities are therefore wu', v'!', w',
and UWv. It 1s desirable that these values should pertain
to a point in the boundary layer, Actually, they are AVOTREZOS
over the space occupfied ty the wires. The wires aro made
short and the arrangement 1s made compact so that the Bpace
occupied will be small compared to the thickness of the
boundary layer. In thims connection the advantage of a thick
boungary layer 1s obvious, The x—arrangement with the wires

L .
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as close together as practicable is employed 1ln order to
place both wires as nearly as possidle in a reglon whore
the mean velocity will be the same for both.

The turbulent shearing stress T and the correlation
coefficient K are obtained from

T =~ puv : (1)
x.%‘{—:,- _ (2)

80 far, no method has been found for the direct measure—
ment of the mixing length 1. However, on the asgumption
of similarity of flow patterns in turbulent exchange, pro—
posed by Von Karmen (reference 1), T 18 everywhere pro-—
portional to p32(dU/dy)?; and since % 1is only a rei-
stive measure of the gsize of the flow pattern, 1 may
Include the facter of proportionmality and be defined by

T = pi(av/ay)? (3)

Relation (3) involves the additional assumption that the
viscous shearing stress given by udU/dy may be neglected

in comparison to the turbulent shearing stress. This assump—
tion is wvalid everywhere outside of the laminar subdblayer.

Vhen d4dU/dy 1s known from the measured velocity distridbution,
! may be caloulated by means of equations (1) end (3).

It would, of course, be desirable to measure the spoale
of the turbulence by means of the corrslation between like
components at different points, as has-been done for isdotropic
turbulence (reference 5). Certain measurements of this sort
appear to be possible, say with separate instruments at
different points, but at present such measurements are re—
garded as problems for future development. Only quantities
that have actually been meusured are to be considered here.
These, 1t 1s thought, are among the more important gquantities
needed for the immedilate solution of the turdbulent dboundary—
layer problem,
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Y. N2V DESIGNS OF HOT-WIRE INSTRUMENTS
ABD METHOD OF CONSTRUOTION

(a) General Teatures of the New Design

The instruments shown in figure 3 are the types recently
developed for boundary—layer investigation, The prongs with
the wires attached across the tips are shown by a, b, o,
and d, TFigure 3e shows a complete instrument with the stenm
consisting of a 1/8~inch braes rod 5% inches long by whigh
the instrument is supported on a traverslng apparatus, and
the flexible leads attached to sach prong by which conneci—
ion is made to long leads running to the electrical equlp—
ment outside of the tunnel.

These instruments employ tungsten wires 0,00031 inch
in diameter and about 1/18 inch long. The wires were made
a8 short ms sensitivity requirements would permit with wire
of this diameter. Smaller dilameters would make 1t possible
to use shorter lengths, but a dismeter of 0,00031 inch
appeares to be the amallest commercially avallabdle in tungsten
wire at present. The prongs are about 1/2 inch in length
and are made from 0,013-inch phosphor hronze wire. These
prongs are flexible and supply spring tension to keep the
tungstcn wires straight snd at a fixed angle with respect
to the stem,

The distinctive feature of these instrumente is the use
of tungsten wire instead of the platinum wire that was always
uged on older types. Platinum wire has certain advantages
over tungaten, such ags availadility in smaller dlsmeters
and higher allowable operating tempermatures, but it has —rery
much lover tensile strength and cannot be supported under
tensicn, Platinum wire about 0.0002 iach in diameter,
irawn by the Wollaston process, was usually employed, With-—
out tenslion it was impoassible to keep the wires stralght
and in a fixed orlentation, and as a result the calidbration
of the older instrumsents could not be maintained. Tungsten
wire permits the use of the necessary tenslon and, in addltion,
produces a very much more rugged instrument. As mentioned
in the introduction, platinum wires could not be used at all
in the' open—air wind tunnel where 1t was impoessible to keep
the alr clean and entirely free from flylng particles. The
twvo principal difficnlties were breakage from collision with
80lid particles and the accumulation of dirt om the wire.
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Breakage rarely occurs with tungsten wire, but the dirt
accumulates just the same. However, tungsten wires are
sufficlently rugged to permit the removal of dirt by brush-
ing with a amall brush,

(b) Method of Attaching Tungsten Vire

The advantages of the superior strength of tungsten wire
for application to hot—wire anemometers has been pointed out
by Weske in reference 6, However, there has always been one
serious drawback to the use of tungsten - namely the difficulty
of attaching it to prongs or holders. Whereas platinum wire
can be readily soldered with ordinary tin—-lead solder, no
known solders are entirely satisfactory for tungsten wilre,
Welding 1s a possibility, but it is unlikely that the aver-—
age experimenter will hnve the skill and equipment required,
Weeke firet called attention to the fact that electroplating
the wire with a metal that could be soldered made it possible
to use ordinary soldering methods. However, Weske's scheme
of plating a thin layer of platinum over the whole wire has
the disadvantage of increasing the diameter of the wire and
thereby increasing the lag, A variation of the plating
scheme was therefore tried with the object of plating the
wire only where contact was to be mads with the prongs.

For this purpose a special copper—~plating bath was devised

as shown in figure 4. Copper sulphate solution is contained
in two welle separated from each other by an air gap. The
wire is threaded through the holes in the wells as shown,

and solution is then added until the level is slightly

above the holes, If the walls are dry on the outside and

the holes are small, surface tension prevents leakage. With
this arrangement two copper—plated sections are obtained with
an unplated section in the middle, Tho middle section 1is
used as the hot—wire element, and ites length 1g¢ thus definite—
ly defined by the width of the air gap. A microphotograph

of & wire processed in this way 1s shown in figure 4. Any
number of hot—wire elements of equal length may be made up

by merely pulling another portion of wire into place and
repeating the process.

Wires prepared in this way were then attached to prongs
by soldering with ordinary tin—lead solder and a flux of szinc
chloride solution to produce the instruments shown in figure
3. While a satisfactory mechanical connection was always
obtained, the electrical connection was at firet unsatisfaetery
because of an erratic ccntact resistance, In certain cases
there was no evidence of contact resistance for days or possidly
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weeits, and then for no accountable reason a reslstance
suddenly appeared, After much experimentation a teshnique
was found for making sstisfactory and lasting connsat ions,
which, in essence, amounted to plating slowly enough to get
good adhesion between the copper and the tungaten, The
thickness of the deposit did hot appear to matter, although
it was suspeoted that the differentlal expansion between
copper and tungaten might have a tendency to break the
contact if the copper deposit was thick. A clean tungsten
surface was obviously to be desired, but no sure method of
cleaning was found. Fortunately for the method, contact
troubles disappeared when a sufficlently slow plating rate
was adopted. The electrolyte used was the same as that
ordinarily used in copper plating: 250 grams of crystal—
liged copper sulphate and 75 grame of sulphuric acid per
liter of electrolyte. As a precaution against corrosion
from the soldering flux, the wires and prongs were washed
with a soda solution.

Regardless of whether the plating 1s thick or thin, the
plated and unplated portions are well defined, The copper—
plated portions are readily tinned by the soclder, and no
solder adheres to the bare tungsten. There 1s, therefore,
no difriculty about placing the tips of the prongs at the
edge of the copper and thus definitely defining the length
of the wire,

(¢) Temperavure Limitation

The only undesirabdle property of tungsten wire found so
far 1s its inadbility to withstand temperatures -an high as
those withstood by platinum. Tungsten will, of course
oxldize in air at yellow heat, but fine tungaten wires
apparently deteriorate at conslderably lower temperatures.
It has been found that 0,00031—inch—diameter wire will with-
stand temporatures in the neighborhood of 300° C for an in-
definite length of time without showlng any signs of deterio-
ration or weaskening, Above 350° C, the resistance gradually
increases with time and rupture finally occurs. These tem—
peratures are averages over wires about 1/16 inch long.
Since wires of this length are consideradbly hotter in the
middle than near the ends, the deterioratlion probably
occurs in the middle .at some temperature above the average.
It follows, therefore, that longer wires with proportion—
ately smaller end effeots will withstand higher average
temperatures. The instruments shown in figure 3 had
adequate sensitivity for the amplification avallable with
wire temperatures no higher than 2509 C,
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¥hile platinum wire may be run at much higher tempera—
tures, even to the point of glowing drightly, the wire
usually lasted loanger and maintained its ocalidbration better
‘'when the temperatures were less than 400° O,

VI. BELEOTRICAL EQUIPMENT

The electrical equipment assoclated with the hot—wiry
ingtruments is fundamentally the same as that deserided
in reference 7. Yhe general acheme always has been to heat
the wire with a known constant current and to measure the
mean voltage and the fluotuvating voltage across the wire.
This 1s known asa constant—current operation. Since the
puadblication of reference 7, the hot—wire circuits have been
modified dy Mr, Mook to include circuites for two hot wires
the controls have been modified for greater convenience of
operation, and the equipment generally has been made lightor
and more portable. The assembled squipment is showh in
figure 5, where the three basic units are: the amplifier A,
ites power supply B, and the control unit C. All unite are
properly shlelded internally and externally to prevent pick—
up from stray electric fields., The circuilt dlagramns for
these three units are shown in figures 6, 7, and 8. The
cirocult diagrams are given here mainly to help the readesr
to understand the functione of the control unit and the
amplifier. Xor those who may wish to construct esuch equip—
ment, the diagramas will be useful in conjunction with the
detalled treatmentes given in references 7, 8, 9, and 10.
Only those features of the circuits that determine thne
performance of the hot—wire instruments will be discussed
here, It should be remarked that a radically different type
of hot—wire circuit desoribed in reference 1ll, permitting
constant—temperature operation, is wvorthy of consideration,
espeocially for highly turbulent flow where the temperature
fluctuations with constant—current operation masy on occasions
exceed the high-temperature limit for tingsten wire.

(a) Control Unit

The control unit contains, in addition to the controla,
the potentiometer and Wheatstone bridge for measuring cur—
rent, mean voltage, and resistance. The various comnponents
are found in the circuit dlagrasm shown in fignre 6. The
heating ourrent 1s supplied by storage batteries, requiring
from 6 to 12 volts for each wire depending on the current.
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Por 0.00031-inch diameter tungsten wire the current 1s
usvally no greater than 160 milliamperes. ©Separate bat-
terles are used for each wire, The 12~henry ohokes I in

"each battery circult provide sufficient impedance to afford

constant—~current operation during velocity variations asso—
ciated with turbulence., In more precise terms, the reac—
tance 2uwfl together with the ohmioc reslistance in the cir-
oult is sufficient to redunce curreat variations to negli-
gible proportions for ell frequencies above the cut—off fre—
quency of the amplifier., For different mean velocities the
current must be reset manually by means of rheostats, The
4—dial decade voltage divider is placed in the circuili as
potentiometer or bridge, depending on the position of cir—
cult selector No, 2. Oircuit selector No, 1 permits the
operator to measuwre the current through elther wire, the
mean voltage acroes either wire or the sum or the difference cf
the voltages across the wires, and the resiatance of elther
vire at ailr temperature or the sum of the resietances. An-—-
other pogition on selector No. 2 impresses the voltages on
the amplifier, individually or the sum or the difference as
selected by selector No. 1. When measuring resistance, R1l2
is thrown in the dridge circuit to malke the bridge current
sufficiently small to prevent heating of the wireas, The
leads are always in serles with the wires, and correction
rust always be made for the leads to obtain the resistance
of the wires only . or the mean voltage across the wires
only. An alternating voltage is supplied by an oscillator
through the control unit for calibrating the amplifier.

This voltage is the drop across R9 and is measured by the
thermoelement and microammeter. The various functions of
this rather complex cgontrol unit will be nrnade clear by
traocing the circuits for various positions of the selectors.

(v) Amplifier

Since the voltages may be combined in the control unit
when the reeponse of two wires is to be obtained simultane—
ously, only one amplifier 1s necessary. The circuit dia-
gram of the amplifier 1s shown in figure 7. Blectriocally,
this amplifier may be desoribed as a 7—stage capacitance—
compensated amplifier, The purpose of compensation is to
obtain an amplification inoreasing with frequency in the
same manner as tie fluctuating voltage asocroas a hot wire
decreases with frequency. As will be shown in section VII,
this characteristic of a hot wire, known as lag, may be ex—
pressed in terms of a time constant M, vhich varies with
the sige of the wire and the operating conditions.
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For a harmonic velocity variation of constant amplitude
tie ratlio of the voltage fluctuation across the wire at fre—
quency - f to the voltage fluctuatlion at ‘zero fregquency 1=
glven by

.1

J1+ anteu®

The input to the amplifier therefore decreases as frequency
increases, in accordance with the above—mentioned relation.

If the input voltage to one of the stages 1is made pronortional
to

./1 + 4323K3

the final result is an ouvtput independent of frequency. Un—
der proper conditions as described in reference 8, thie may

be done with a loed reactsuce conelsting of inductance and
resistance or capacitance and resistance. In the present
anplifier capaciltance and recistance are usod as shown under
"time constant selector" in ihe circuit édiagram. In thies

case the time constents sre C9 times R12, C8 times R1l2, and

so forth, giving values of M of 0.001, 0,002, 0.003, 0,004,
0.005, and also O second., For proper compensation the time
constant should be set to the same values a3 the time con—
stant for the wire, When thoe timec constant for the wire falls
between the settinge providedi, as it usually does, readings
must be taken for two settings and the correct result obdtained
by interpolation.

The design of the amplifier was dictated largely by the
impedance requirements for the capacitance type of compensa—
tion (reference 8) and by the over—all frequency characteris—
tics desired. The ideal ocompensated amnlifier 1a one that
works in conjunction with a hot wire to give an output truly
representative of all frecuencies present in turdulent flow.
The present amplifier has an error of less than 2 percent
between 10 and 200C cycles per second with the error increas—
lng to 10 percent at 50CO cycles per seécond. The error below
¥@'-cycles per second has not been experimentally determined,
but the amplification begins to drop with decreasing frequency
due to the characteristic low—frequenasy cut—off of resistance—
capaclty coupling. According to the values of R1I and 01,
the output voltage at 1 cycle per second is reduced to about




"1l

HACA ACR ¥o, BK37 17

70 perzent of that at frequencies above 10 cycles per second,
Ag shown by Dryden in reference 10, these frequeacy charac—
teristices are satisfactory for measuremeonta of fluctuatlons
ordinarily encountered in isotropic turbulence. The fre—
quency distribution in turdulent bdoundary layers le not known
and probably varies 1in different parts of the layer. It 1s
believed, however, that the amplifier is Just as satisfac—
tory for measurements in turovulent boundary layers as in
fields of 1sotropic turbvlence if the proportion of the tur—
bulent energy lying bdelow 10 cyclee per second 1is the same
in the two cases, .
Other features of the mmplifier are evident in the cir—
cuit diagram. The gain coatrol permits the amplification to
be varied over wilde limite. A phase inverter snd balanced
cutput are used to prevent direct current from flowing through
the thormoelementsa. Thus only the slternating current pro—
duced by the fluctuating hot—wire voltage 1ls read on the out—
put meter. The amplifier is calibrated by reading the output
meter with known input voltages. An unknown mean—square in—
put voltage may then be determined from the output meter read—
ing. The "eye" (6EE) gives a rough indication of the reading
to be expected and i1s umed to enable the operator to Judge
whether he 18 likely to buran out the fuse, and possibly the
thermoelements, when depressing the key.

(¢) Power Supply

By means of the dual power supply shown in figure 8, the

"amplifier is cperated completely on 1l15—volt, 60—cycle cur—

rent. The power—supply circuit is conventional except for
the voltage—regulator circuits lying to the right of the fil-
ter circuits. The voltage regulator serves two purposes,
First it holds the output voltage practically constant re—
gardless 0f reasonable changes in load ard 1lnput voltage to
the unit. Secondly, because of 1ts regulating ection, 1t
acte as an efficlent filter circuit, and also causes the
power supply to appear to have a very lowv lnternal resistance.
Since the requirements to be met by a satisfactory power sup—
Ply are treated in detail in reference 7, no further discus—
sion is given here.



L S

- N

HACA ACR Ho. 5K27 18

VII. CHARACTERISTICS OF HOT WIRES AND THEORY

- OF HOT—WIRE- MEASUREMENTS

The relation between the alr veloclty normal to a
heated wire and the rate of heat loss as given by King (ref—
erence 12) 1s

-2 __ =D, +F, IV (4)
T — Ty

where the terms D, and ¥, depend on the thermal connduc—
tivity, density, mand specific heat of the air and the dimen—
8ioneg of the wire as shown in reference 12. Owilng to the
methods of using hot wires 1n bnrundary-layer investigations,
D, and ¥F, may be regarded ms cnnatants. When the wire 1ia
heated by an electric current 1, the heat is mupplied at
the rate 1®R, where R 1ia the resistance of the wire At

temperature T. The temperature head T — T, 1ia

— R — Ry e

T — 0, = ——— - L
a I e 0w
! R’ d‘g_L aR

Under equilibrium conditions tre rate 2f heat lnsse mﬁ§% e
equal to the rate at which heat is supplied, and eguation (4)
may be written

<
12(Bon) _ 5,y g T (5)
- a

Equation (5) is the usual form of the relation used in hot—

wire anemometry. Egquation (5) is found to hold true over a
wide range o>f velocitles.

In the expreesinns to follow 1t will be convenilent to
disregard the distinction between mean ouantities and instan—
taneous quantities. In the few chrses where a diatinction is
necessary, Appropriate symbols will be used. The usual dia-—

tlpction between mean guantities and fluctuations still will
be made.

As previoualy mentioned, the control unit haas been de—
signed for constant—current operation, which means that 1
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is constent. J¥or convenience, the constant terms in equation
{5) are included in the constents on the right, and the equa-
tlon ie -written

- -éafr
.’ R ;ﬁ‘

C’-—-—-——l=:|)+'1l )] (8)
B —- B, )

R

and U
. a

for a given wire heated with a given congtant current. The

voltage B acrose the wire is simply iR, and is the quan—

tity usuvally observed rather than R, The obmervations are

R
usually expressed in terms of +~———-— YDbecause 0f the linear
R — Rg

relation between thls guantity and qﬁf.

Bquation (B8) is found to hold true regesrdless of the
angle between thoe axis of the wire and the wind, The con—
stant ¥, howevor, depends cn the angle. When the voltage
is observed fcr varlous angles Detween the axle cf the wire
and the wind at fixed values of U, B 1e8 fcund to vary as

R

shown in filgure 9. When RN 1s celecnlated from the volt—
a

age and the measured R and 1s plottod agalnst ¢, the
curves shown in figure TO are obtained. If as seems logilcal,
the heat loss is a function of the compcnent of the velocity
normal to the wire, the general form of equation (8) should
be

R e
R =D+ FJ/U ain o (7)

In ordor.to test this relation, 3 R. ig plotted ageinet

—_— a
J-U sin ¢ as shown in figure 11, If equation (7) 18 valia,
all points should lie omn a single straight line. The line is

reacgonably straight above ¥U atn ¢ = 4, The fact that not
all the points lie on the same iine 1ls atiribubed to an accu—
mulation of dirt on the wire as the run progreseed. XEquation
(?) therefore may be regarded as a ressonably good approxima-—
tion over the linear rangc- Since equation (6) i1s valld over
a wide range of velocitiles; the iinear range in figure 11
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depends on the value of ¢. If ¢ 1lies between 20° and 900,
the curve is linear for all values of U sin ¢. It should

be noted that, when ¢ 18 constant, the curve is always linear
regardless of the value of ¢, for then equation (7) reduces

to the form of equation (6) with ¥ ~sin @ taking the place
of the constant F in equation (6). However, separate linear
curves are obtalned for each value of ¢ below 209,

When the velocity varies either in magnitude or direcw
tion, the voltage across the wire varies. The instantaneous
velocities may be regarded as a superposition of u, v, and
w, on the velocity U, Since v and w are by definition
at right angles to U, these two fluctuations, if they are.
small compared to U, produce only a variation in the local
direction of the stream., The angle variatlion, expressed in .
radlans, for a wire lylng in the xy-plane 1is v/U and for a
wire lying in the xzwplane is w/U, Thus

(xy~plane) A¢

v
)
v (8)
(xz~planse) Ag -
U
It is assumed that u, v, and w Aare srnall compnred
to U, and therefore that the voltage fluctuations assocint-

ed with v, v, and w are proportional to u, v, and w
and may be expressed by

N
s PEPNA e f“r' “~a . @y = Au :

R Feoa et sy
1,/f:ra.f,d¢ {1) ac ’”P“ ¢g = Bv “ (9)

, 95=Pv H

The correspondlng root-~mean-square values are written

e,' = /Isu' !

. : 1
eg' = \@Tl > ( o>
e ! = /Saw' !

I
In equations (9) and (10) the voltages are assumed to be the

-
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voltages properly compensated for the lag of wire: that is,
they are determined from the output of a properly compensated
amplifier. When proper compensation is used; A and B

may be evaluated by the ald of equation (7). In other words,
compensation for the lag of the wire makes it possible to
apply equllibrium relations even though the equilibrum con—
dition assumed in equations (6), (6), and (?) may not actu—
ally exist.

Inasmuch as relations (9) are assumed, it 1s permigsidle
to regard the fluctuating voltages, angles, and velocities,
represented dy e, A4¢, uw, v, and v, respectively, as
differentials and evaluate A and B by differentiating
equation (7)., If 4B 48 regarded as o, 4U as u, and
Ud®p as v or w in equations (8) and (9),

A:.Q'.E; . B=Q'.E_.
au vae®

Differentiating (7) with respect to U, regarding o as con—
stant yields,

a2 /_ _Ba _ ? Jsino
au (R-Rg)® "Wai

and since 4H = 14R

e _f‘a__> . 1r Jeimy
au (R—B-a,)a 2 ﬁ

and

Aa_4ZSaig9  (B-Ba)® (11)

2,0 R,

Differentiating (7) with reepect to @ , regarding U as
constgnt ylelds

g_g( By >=!ﬁoosp

ae (R=Rg)? 2 Jeinp
A® ¢ B ) » 1 ¥ ocosp
U dg (R—Ra)' ] U gin®
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B=-AF oosp (B-Re)? (12)

] JFU 8in® Ry

The fact that A and B are negativ;_meéhs eimply that the -
voltages in equations (9) decrease as u, v, and w
increase.

The method of evaluating the constants A and B and -the
mannsr in which they are used will be considsred in connec—
tion with each of the quantitles to be determined, The
purpose of the different arrangements of wires shown in
figure 3 is to obtaln instruments that wlill measure one com—
ponent at a time; for example, measure u' without contami-
nation from Wuv¥, v!, and w', cr measure v' whille ex—
cluding wu'!, W, and w', .and so forth, Thias can be done
nore easily in some cases than in others, and in all cases
the ldeal can be approached only when u, v, and w be—
come small with respect to U, Regardless of the type of
ingtrument, the separation of componernts is possidle only
insofar as variations in ¢ are independent of wu and
varlations in U are independent of v and w, Thig again
requires that w, v, and w ©be small compared to U.

(a) Determination of u!

For the measurement of u! the wire 1s placed normal to
the wind and parallel to the surface producing the boundary
layer. The angle ¢ 1s then 90° and A and B as given by
equations (11) and (12) become

A= - .Lr (R — Ra)s
2.J/U Ry
(13)
B =20
Thus according to equations (10)
R~Rg)®
ot = tE (B, (14)

2 ./o B,

and e3' and ez' are zero, The relations show that this
instrument 1s sensitive to u and insensitive to v and w,
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f—na,

Solving (14) for wu' and dividing by U gives

U 1 7 '-U-Z.—E-;Ea)i-- (15)

! h ~ul, 2By e}

All quantities on the right of edquation (15), with the ex-

ception of ¥, are determined at each point where "u!/U

is being measured, The constant F 1is determined for the

particular wire used by placlng the instrument in the free

stream and measuring the mean voltage B at several values
of the veloclty U at the location of the wire, The gquan-

is then calculated and plotted against U to

tity
B—Ra

obtaln a calibratlion curve as shown in flgure 12, The slope
of this curve is ¥, since ¢ = 90°, The current 1 nust
not only be constant during a run, but must be the same for
the calibration as for the determination of wu'/U.

It 18 well to see how, and to what extent, a single
wire normal to the wind with 1te axis in the xg-~plane re-.
sponds to u &and not to v and w., Since the wire has
eylindrical symmetry, the only way in whleh v can change
the rate of heat loss is through ckanges 1n the resultant
veloclty by vector additlon with U. The error in a measure-
ment of u'!/U arising from v 1is small until +v/U ©beconres
Quite large, and when thls 1s the case, the type of error
dlscusned in sectlion IX is so large by comparison that the
error arising from v becomes insignificant. The wefluctu-
ationes also change the resultant velocity, but do not change
the normal component. Since 1t has been shown that the heat
loss depends only on the normal component, no error arilses
from w regardless of the sisze of w/U.

(b) Determination of Turbulent Shearing Stress,

According to equation (1) the determination of turbulent
shearing stress involves the measurement of uU?, For this
purpose, use is made of either the single slanting wird
shown 1n figure 3b, making an angle ¢ of about E5° to the wind,
or the x-wires shown in figure 3c, set approximately 90°
to each other and each making about 45° to the wind. The
manner 1in which these wires are used is 1llustrated in
figure 13, OConsider first the single wire, first in position
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I and then rotated 1800 about an axis in line with the
wind to position II. Figure 9 shows that the voltage de-
creases as U and ¢ 1increase, Therefore in nosition I,
~-+u and- +v, a8 deflned in flgure 13, both decrease the
voltage; and the resultant voltage change 1s the sum of e,

and e, 1n accordance with equatlons (9). 1In position II

+u decreases the voltage while +v 1increases the voltage,
and the resultant voltage is the difference between ez and

8 Ag previously explained, the mean-square of the result-
ant voltage fluctuatlion may be determined from the output
meter reading of the compensated amplifier. If the mean-
square resultant for position I is denoted Py &a and the
mean-square resultant for position II is denoted by b,

a = (-8 - ea)é ’ b = (-e1+e3)®

From equations (9)

- (o _ 2 _ 4 3,3 2
a = ( Au BIv) A +2A B uv+B,v (16)

3 _ 3,2 _ - 2
1%t BIIv) = AII u 2AII BIIuv+BIIv (17)

b = (-A
where subscripts I and II refer to the valus of the constants
for positlons I and II, rosvectively.

In using the wire, a and b are determinud in positions
I and II, care being takon to make the 1800 rotation from
one position to the other about an axls through the center
of the uilre and along the average wind directlon. When
rotated in thls way, there 1s no change in the averagse value
of ¢. If, In additlion, the average condition of the bound-
ary layer remains the same, equations (11) and (12) show
that A’I = ‘A'II = A and BI = BII = B, Under thess con-
ditions. the sum and difference of eauations (16) and (17)
become

8+ b = 2(A%w? + B2y3) (18)

a.—'b=’-l-.A.B'l; (19)
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Frem equations (1) and (19) is foungd

Ta— b (a=b) (20)
4 AB

where, according to equations (11) and (12),

1°72 (B-Ry)* cosp '
AB = = {21)
4U R,

All the gquantities on the right of equations (20) and (21),
except- ® and T, are determined at each point where T

is being determined. According to equation (7), ¥ 4s the
slope of the straight portion of the curve in figure 11,

and F 1s determined from calibration ocurves of thils kind. The

angle ® nay be determined by plottirg R/R-B, against WU,

when the wire is set at the proper mngle, and, finding the
slope of the curve which is equal to ¥ ~/51;5.

Asmentionsad above, the x-wire arrangement may be used
in place of the single wire for the measurement of shearing
stress. If the wires are now labelsd I and II as shown in
figure 13, the same relations apply as for positions I and
II, The 180° rotatisn is unnesessary; btut in order for tho
conditions A7 = Ayjy = A and By = Byyr = B +to apply,

the wires must be identical and each must subtend the sane
angle tc the wind, When the wires are prepared by the
electroplating method deaoribed in section V, 1t is not
diffiocult to obtain matched wires. Calidration will show
whether the wires are sufficiently well matched to bs usadle,
and equal voltages acrces the wires will indlcate +the proper
setting for the instrument to place the wires I and II at
equal angles to the wind. The angle ¢ s half the angle
sudbtended by the wires and may bde determined by direst
measurement,

In the earlier type of instrument using platinum wires
it was difficult to obtain two wires sufficiently allke to
use the x—~wire for shearing stress, and conseguently the
early measurements were all made with single slenting wires.
The 1800 rotation of the wire is a trouvblosome featurc of
this method, not so much becauss of mechanical complications,
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but because of the difficulty of passing the axis of rotation
through the midpoint of the wire, It is seldom vpossible to
avoid some amount of displacement to and from the surface

in rotating from one position to the other., This difficulty
is avoided with the x-wires, and the instrument support
system may be simplified by the elimination of a rotation
mechaniam. The disadvantages of the x-wire are that the
lnstrument 1is more difficult to comstruct even when tungsten
wires are used apnd two wlires must hold their calidbration
ingtead of one. An gccident to either wirs puts the in-
strumoent out of service.

(c) Determination of Correlation Coefficient

The correlation coefficient X 1as defined by equatlon

(2). Since K involves uv, u! and +v!', 1its evaluation
depends on the measurenents of these ithree quantities.

There are in fact three ways to evaluate X, nll three belng
interrelated but involving wu' and v' in different ways.
Because of experimental errorg, the three methods, that
should yield identical results. will in general produce three
somewhat different values of XK. It 1s thorefore advisable
to label them K, K:, and KB to corresrord to the first,

cecond, and third method.

The first method depends mainly on the results obtained
in the measurement of shearing stress. Equation (1%) is
solved for v' and equation (19) is solved for U©V¥. Then
it follows that

v! = ——— — ——— u' (22)
2B" B2
-b
o EXE (23)

where by definition w' amnd ! stand for .JE’ and ./;5,

If (22) is multiplied by wu' and (23) divided by the result,
there 1s obtained

a-b
v 4aAB
= m— =
Kl T oatlvy! L3 - (2k)

u ——— . 3
/ 282 g3 U’
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Thus K; may be calculated from the data taken in connection
with a determination of shearing etress togethéer with an
independently measured value of u'.
The second expression for the ocorrelation coefficlent
is obtained bydividing equation (19) by (18) and solving for

uv/ulv!. It is found that

Aa 11' vl
—— e b ——
Ky = —_ (26)
a+d A
2 3

Here the data taken in connection with a determination cf
shearing stress are used in such ¢ way that only the ratio
of the constants A and B and the ratio of wut to !
enter into the expression fecr the correlation coefficlent.
In this case both u! and v' must be determined by
independent meamasurement.

Finelly, by solving equation (19) for uv and dividing
by u' and v' it ig found that

a - Db

4AB u'v' (26)

K3=

or by equation (320)

T

Ky = - ———
3 pu'v! (27)

As shown by eguation (27), the third method amounts simply

to using the measured shearing stress and the independently
measured u' and v?',

Caloulation of the correlation coefficient by all three
methods afforde a cheok on the accuraocy of the measurements.
Oomplete agreement can scarcely be expected, and there 1is
probably a best value depending on the accuracy with whigh
the various terms are known., As noted, Kz 1involve only

the ratios uw'/v!, and A/B. According to equations (11)
and (12)

A .
—— = temp (28)
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and therefore A/B 4is less sudject to error tham A and
B geparately. V¥hen @ = 46°, the percentage error in
tanyp ‘48" a-minimum for an error in ¢ . FPurthermors,
according to equation (26) no error in Kg results from
an error in u'/v' when A/B = v!/u', Since v!/u' 1is
not greatly different from unity, the optimum conditions
appear to be

A/B = tangy = 1, o= 46°

It 1s concluded thersfore that Kz 1ias probadly the best
value of the correlation coefficient. On the other hand,
only Kz ‘will be consistent with the measured values of
T, u' and v'., If the difterence between K; and K,
is significant, the leset certaln of the quantities T,
u', and +v! should be derived from squation {27)using
Kg. In thie way the best coneilstent set of results will
he obtalned.

So far it hee been asaumed that a slanting wire or an
x—wire in the xy-plane is 1insensitive to w. On the aver-—
age there 1s no flow across the xy—plane by definition of
this plane. At any instant, however, the flow makes an
angle with the xy—plane given by w/U. In order to see how
vell the assumption 1s Justified 1t 1s necessary to find out
how much of a change w/U produces in the angle between the
vire and the wind., If the angle w/U 1is denoted by Ay
and the instantaneous angle between the wire and the wind
by @3 ,» 1t is found from geometrical relations that

8in o, = cosp ./ 8IndAV + tanigp (29)

It ie seen from eguation (28), for example when p = 459,
that AV must exceed 0,176 radian or 10° before

@; - (= A¢) is greater than 1°. The smallness of the
elffect on ¢ 1s the remaon for assuming that wires in the
xy—plane are insensitive to w. Just how large w/U may
become before thie assumption is no longer Justified is
diffiocult to estimate becanse of the distorted nature of
the voltage fluctuation resulting from w.

In two—-dimensional flow thers is no error from w in
the measured shearing etress because of the fact that w 1is
not correlated with u or v. Whether or not there is an
error in the measured correlation coefficient depends on
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the effect of v gnd w in the measurement of wu' and
of u and w in a measurement of v'!. It has already
.been. shown that the effect of v and w .is negligible in
a measurement of wu!., The effect of u and w 3in the
measurement of v! will be considered presently.

(d) Determination of v'! and w!

Ag far as the theory is concerned, there 1s no differ—
ence between the measurement of v' and wi, The x-wire
inetrument is used in both cases — in the xy-plane for v!
and in the xs—plane for w!. Therefore the relations for
v! will be derived, and the same relations hold true for
w'.,

Figure 13 illustrates the posltion of the wilres for =
measurement of v!, Whereas for the measurement of shearing
stress, the mean—square voltages, denoted by a and b,
wvere determined for the wires separately, now the mean—square
resultant voltage is Adetermined for the pair. In other words,
the voltage across the pair is impressed on the amplifier
and only the resultant is measured. This is 1llustrated as
follows: Referring to figure 13, let —e; — @3, a8 defined
by equation (9), be the voltage across wire I and =-e; + og
be the voltage across wire II, The mean—-square resultiant
voltage when added 1is

eaa - [(;el—ea)I + (—°1+°a)11]‘ (30)

and when subtracted is

eba = F—BI—GQ)I - (—01+89)II]3 (31)

Acocording to equations (9), using constants AI and BI for

wire I and Ajy; and By; for wire II, equations (30) and
(31) become
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— — ——— ——v— —

02 = AI’u’4-31‘7‘4-A113n'4-3113v‘+ 2 B;AT + zAIAIIu'

(82)
—— — a ——
—2A1Brruv + 2BjAyyuv — 2ByByyv- — 2hpByjuv

32 _ 4 3.8 2= 2_3 a_3 - ]

—— — ) —
+3A(Byquv = 2BjA;quv +2B;Byyv —2A7;Bquv
When 47 = A;; = A and By = By; = B, (32) and (33)

reduoe to

°a5 = 4A2uE (34)
eba = 43378 (35)

Thus, in accordance with equations (11) and (12), wvhen the
two wires are identical and each subtendes the same angle to

the wind, eaa is a measure of u® only and e,® 1is a

measure of ;3. When the two wires are not identical or do
not subtend the same angle to the wind, the result is =

mixture of u®, v3, and uv, BHquation (54) shows that the
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x—wire instrument may be used to measure u!, dut due to
the possibllity of obtaining a mixture of components, the
single wire normal to the wind is preferable, In order to
lessen.the possibility of a mixture of domponents in the
measurement of v!, B 4is nade larger than A; that is,

"the angle ¢ 18 made less than 450,

¥hile the foregoing relations are useful to illustrate
how the characterietics of individual wires can be combined
to produce an instrument sensitive to v, these relations,
a8 such, are not unsed to determine v'. In practice it 1is
unnecessary, as well as too laborious to determine the
constante B for the individual wires. Instead, the sum
and the difference of the mean voltage across the pair of
wlres are determined as a function of velocity and angle,
and in this way a calibdbration curve is obtained for deter—
mining +v'!'/U from the root—-mean—square voltage fluctuation
directly. The basis for this procedure 1s illustrated by
the performance characteriastics given in figures 14 and 15,

Figure 14 shows the mean voltageas as measured on the
potentliometer for wiree I and II as a function of angle
between the stem of the instrument and the wind at a veloclty
of 124 feet per second. The difference voltage Iy, also
measured on the potentiometer, 1s shown by the droken curve.
It is peen that while the curves for the wires individually
are far from linear in the neighborhood of szero angle, Eb
is practically linear with angle over a range of 30°, The
reciprocal of the glope indicates the sensitivity of the
pair of wires to v, When the slope i8 expressed in terms
of volts per radian and 1s denoted by AEb there exigts

the simple relation
y! _@v (38)
-
L ALy, )

where J ebs is determined from the compensated output
reading of the amplifier and AEb is determined by cali-
bration. The oalibration consists of determining ARy at

various velocities. A calibration curve shown in figure 15
1s obtained by plotting AE, against R/RB—R, for the rair
of wires. Thies affords a convenlent meuns for obtaining

AR without having to know the mean velocity at each point
in"the boundary layer.
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In use, the proper angle for setting the instrument 1is
found by making Ry xero regardless of the angle between
the stem of the instrument and the wind, If the stem 1is
out of alinement with the wind, for exampls, 5° as shown
in figure 14, the two wires are not set at the same angle
vith respect to the stem or the wires are imperfectly matched.

The voltage fluctuation produced by w 1s removed as =2
potential source of error in the measurement of +v' because
the subtraction indicated in equation (31) is made before
equaring. In other worde, if equation (29) were used to
find 49 , & positive A9 would be found for bvoth wires,
and therse would be no net effeot on the difference voltagze.

The effect of wu 1in a measurement of v' may be
found quite simply br considering that ¢ 1is assumed to he
v/U when actually it is Ui— . Then actually v/Uin is

u

being measured or approximately
__ s
/1 %)

when 3 1s emall compared to 1. The root-mean—square value
U

of this expression 1is

v’ 1+ 1/2 u? imatel (37)
T ( 1-1-3) approximately

From this expression the error in '/U may be found. If,
for example, u'fU 41s 0.5, the measured v'/U 4s too higk
by 4i percent,

(e) Hot-Wire Lag

Because of the heat capacity of the wire, a certain time
is required for the wire temperature to reach equilidbrium after
a change has occurred in the rate of heat loss accompanyin
a change in magnitude or direction of the wind. If Te 5

is small compared to [ Tgs» the relation detween the instan—

teneous temperature T and the equilidrium temperature Te
is given by
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arT
—_—x Py - T 38)
o ° (

" Lk Y

where M 1ia termed"the %ime constant! The gsolution of (38)

conslste of a translient term exp (— %‘) and a

periodie term, 1f T, 1is periodic. Since the transient

term soon becomes negligible, only the periodic term will be
considered, As shown in reference 9, if the temperature
variation is perledic with frequency £, the temperature
variations and corresponding voltage variations are reduced
1n'amplitude below that for zero frequency by the factor

1

J1 + 4 nBf2us (39)

and lag in phase by the angle

¥ = tan”3 2 nfM (40)

With regard to the irregular wave form of turbulent
fluctuations, which resvlts from s snperposition of many
frequencies, (39) and (40) mean that the voltage fluctuation
from each component frequency is reduced in the ratio of 1 to

~/1 + 4 n3£f3M2 and lags in phase by the angle ¥.

Consequently the wave form of the voltage across the wire
fails to reproduce the wave form of the turbulence.

The expression for M 18 derived in reference 9 for the
case where the heatlng current is constant and is given na

H = 4-12 msJBPRaI (41)
i Ra Rou
where
n maas of the wire
8 specific heat of the materlal of tho wire

4.18 mechanical equivalent of heat, Joules psr calorie
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In reference 10 an expression for M 1ls derived for the

more general case in which the heating current varies with

the resistance of the wire, However, only constant—current
operation and therefore equatton-¢4lj~v111 be comsideraed here.

Ag a matter of convenlence, the terms on the right of
equation (41) are separated into those that depend on the
wire and those that depend on the operating conditions. IEqua-—
tion (41) then becomes

R~R
M= M, |8 (42)
i® By
R ~-R
where M, depends on the wire and - 2 depends on operat—
1° B

a

ing oonditions. According to equation (41) M, is given by

¥, - 4.18 ma _ 4.18 n? LI (43)
Rog @ o a
where
r radius of the wire
R dens ity of material of the wire
Co resistivity of the material of the wire at 0° ¢

If M, 4is known, K may be calculated by equation (42)
for any working condition. While it is possible in prinociple
to calculate X by equation (43) from the radius of the wire
and the propertiee of the material, there are two reasons why
it is not feasible to do so, Firast, 1t 1s difficult to messure
r with the accursacy required by the fourth—power relation; and
second, equation (41) is not strictly valid for short wires
because of end effects. The expression ¥, 1s therefore
determined by measuring the lag of samples of the wire under
known operating conditions on an apparatus which vibrates the
hot wire in a steady air stream at various Ynown frequencles,
Several experimental values of M, for tungsten wire with a
nominal dlameter of 0,00031 inch are as follows:
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Wire length Mo
(nm)
1.1 504 X 10~
2.6 ' 389
5 366

The value of M, ocalculated by equation (43) is
263x 10™°7,

It will be observed that the experimentally determined
My 1increases with decreasing wire length; whereas, accord-—
ing to equation (43), M, should be independent of wire
length. This effect 1s dune to the conduction of heat from
the ends of the wire to the prongs, which 1s not taken into
acocount in the derivation of equation (41). Because of this
additional heat loss, a grcater current is required to pro-—
duce a given temperature rise than would be requirel other-
wise. This leads to the conclusion that the principal effect

R — R,
12 Ry

calculate M, 1in a lag determination; and this oconclusion ie

of wire length appears in the quantity used to

borne out by the experimental results which show that R - Ba

iz2 R,
changes with wire length rather than M 1itself,
When the wire is used $o0 measure turbulence, E_:_Eﬁ
i® B,

is found for each determination, and M 1is calculated by
equation (42) with the value of Mg for the wire length used.

The calculated time constant 1s found to be about the same
for ehort wires as for long wires. Unfortunately this doesl?
not mean that the procedure is entirely correct, and it is
thought that end effects introduce some uncertainty in the !
evaluation of the time constant. Since the uncertainty in—
creases with decreasing length—diameter ratio, wire of 0,00071-
inch diameter is not regarded as satisfactory in lengthe lese
than about 1.6 millimeters.,

! —
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In most applications M 1s usually betwveen 0,001 and
0.002 second. This is well within the range cf time constantis
provided in the amplifier.

In cases where the sum or difference of instantansous
voltages is taken, 2s in the determination of +¥'! and w',
it is important that both wires have the same time constant
in order that there shall be no difference in phase introduced.
This is another reason for having the wires as nearly identioal
as possible and operated at the same mean angle and veloocity.

VIII. APPLICATION OF HOT-WIRE INSTRUMENTS AND RESULTS

Following the development and study of new instruments
and methods, measuremsnts of wu'!, v', w¢, and uv were mede
in the turbulent boundary layer along the wall shown in figures
1 and 2. The results obtained so far are far from being suf-
ficlently complete to make a significant contribution to turdu—
lent boundary-layer thoory. They are given here mainly as ex—
anples of the kind of results obtalnable.

Prior to undertaking work with hot—wire instruments, the
pressure distribution along the surface was measured and the
vposition of the separation point was determined. 4 certain
anount of preliminary work had to be done to obtaln two—
dimensional flow over the after portion of the wall and to
obtain a straight and well—defined line of separation. The
final pressure distribution and eseparation point at a Reynolds °
nunter RBN. of 16,3 million is shown in figure 16. Attention
is called to the reglon of ndverse pressure gredient near the
leading edge and to the occcurrence ¢f treneition therein, Thie
condition resulted from the high effective angie of attack and
the small radius of ocurvature of the leading edge. The turbu-—
lence of the free straam was fsosund to be closely isotropile
with an intensity of about 1/2 percent.

Mean velocity dilistridbutions tkhkrough the toundary layer
were determined at the same Reynolds number dy traversing
normal to the surface with a sm2ll pitot-—static tube mounted
on the traversing apparetus and support system shown in figure
1. Trom guch distributions, obisined at many stations along
the surface, 8, 8*, 8, and H were found,

The velooity distributions rhowed certain anomalies near
the separation point that are believsd to ne due to an effect
of turbulence on the pitot tube. Effects of this sort appear
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in the results of other investigators (referemce 13)., For
this reason it i1s planned to redetarmine some of the velocity
distributions at the same time u' measurements are made,
since the samé hot-wirs instrument serves both-purposes.

The veloocity distributions determined so far by the hot wire
are shown in figure 17. The velocity distributions are an
important adjunct to turbulence data for a number of pur-—
poses, one being to calculate mixing length by eguation (3).

The results that demonstrate the application of hot-—
wire instruments are given in figures 19, 20, 21, and 22.
The mean velocity sontoure and the boundary—layer thickness,
shown in figure 18, are included here alcong with figures 186
and 17 to show the kind of boundary layer in which the turbdu-—
lence measurements were made. The measurements were made st
RN = 15,3 million. All these curves were obtalned by taking
observations at various distances from the surface with the
traverasing device shown in figure l. A description of th:ias
device wlll be omitted hore, partly becnuse the wmanner of
traversing is incidental to the investigetion and partly be—
cause the remote-~controsl feature of the device has not proved
to be entirely satisfactory for hot—wire work. However, the
support system and traversing device shown in figure 1 satls—
fied an important condition that must be met by any system —
namely, that 1t should not alter the condition of the boundary
layer at the position of the hot wire, It is remarked that
complete remote control 1s attended with considerable diffi-
culty due to the requirement that the instruments muast be
kept in proper alinement with the mean wind in the measure—
ment of v', WV, and w'., Traversing is therefore a matter
that must be worked out to meet particular needs.

Figure 19 shows the dletribution of wui/U,, v'/U;, and
w' /U, through the boundary layer at x = 17%; feet. Fig-
ure 20 gives the distribution of friction coefflcient op
for the same position., The friction coefficlent 1ls obialuned
from the shearing stress by the following relation:

= T ==3'|.1.'V

1/2 p U,° u,”

e

The local skin frictiop coefficient T°/1/2pU13. estimated
from the momentum equation (reference 13) is indicatsd 2in the
figure, The limits indicate the uncertainty in the local skin
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friction at this point. Theoretically, the turbuleant shear--
ing stress should decrease in the laminar sudlayer and actu-—
ally fall to sero at the surface. 3Beyond the laminar sub—
layer.-but still close to the-surface the turbulent shearing
stress may be expected to agree with To, This appears to

be the cese, since the points nearest the surface are well
outside of the laminar sudlayer. The ocorrelation coefficlents
caloulated by the three different methods (equations (24),(35),
and (27))are given in figure 21. Oocefficients K; and Ky

agree, but K; is about 17 percent above the other two. This
difference, which indicates experimental error, has not yet
been accounted for, More observations are necesgsary before
it 18 possible to decide which of the quantities uv, u', or
v! 18 least certain and thereby mnke use of the procedurs
suggeated in section VII for obtaining the best consistent
set of results,

Figure 22 shows the distridution of wuf/U at several
stations in the reglion of adverse pressure gradient. It will
be noted that the ordinates here are the ratio of u'! to
the mean local velocity instead of the mean veloclty at the
outer edge of the layer. Tnie method of prescsntling the re—
sults 1s useiul when 1t 1a desirable to know whether or not
the fluctuations are small cumpared to the mean local velocity.
This subject will be considered in the following section.
Figure 22 shows that wu'/U 4inoreases progressively as x in—
creases., No turbulences measurements have yet been made beyond
x = 22 feet.

IX, ERRORS WHEN FLUCTUATIONS ARE NOT SMALL

It will be recalled that u, v, v small compared to U
was a baslc assumption in the development of the equationa in
section VII, The results in figure 22 may well reise doubts
about the emallnees of these quantities in a turdulent bounda-—
ry layer. Beyond a doudbt u! will continue to increase as
the separation point at x5 = 26,7 feet 1s approached, and
Just how high the value will go is not known., The components
v!'/U and w'/U and the shearing stress have been determined
only at x = 1% feet, but it ia reasonable toc nssume that
these te0 will increase with x. The guestions are then,
hew large may u'fU, v'/U, and w'/U %become before the fluotu-
ations may no longer be considered small compared to U, and
how does the error depend on the sisze of these quantities?

Unfortunately the answers to these questions are not
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easily obtained, VWhea the fluctuations are no longer smsall,
arrors arise from the interactlon of components, improper
compensation for lag, and the nonlinearity of the voltage—
velocity curve and the voltage—angle ourve for a hot wire
operated with constant heating ocurrent. The latter concerns
the errors in A and P resulting from the assumption that
u, v, and w are infinitesimals, When the several kinds
of errors are consldered, it is found that errors in A and
B are probably the largest and therefore deserve first con-
sideration,

Since the wave form of turdbuleant fluctuations is ir—
regular and jagged, and qualitatively has the appearance of
complete randomness, an accurste eatimate of the errors in
A and B seems to be impossidle. A crude method 1s %o
assume sinusoidal fluctuations and to find A from experi-
mental voltage—velocity curves and B from experimental
voltage—angle curves with the relations for A and B
glven by

L = 2Pmax 3 = 3nax
&Upax : UAopax

The ratios A and B are determined by arbditrarily assign-—
ing larger and larger increments to Anmax and to A¢maz

about a point on their respective curves and determining the
corresponding AEp .. Tor a sine wave

AU .x =V 2 u!, Uag ., '=vVR ¥ = J2 w!

The values of A and B found in this way are the correct
ones for sinudoidal variations in AU and A9, at least
until AU, ., and APp.y Decome so large that the voltage

wave 1p distorted by a significant amount by the monlinearity
of the curveas, Obviously, the weakness in this method is the
inference that there exist relations like

v/ 1 3 v = J2 w!
Ynax = V2 8l max JEv, Yoax = YE V¥

for turbulent fluctuations. For want of a better procedurse,
A and B were determined by this method, and were found to
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increase with inoreasing AU

vulues of A given by equations (11) and (13) dy A,,
13 and the value of B given by equation (13) by B,,,

A

5K27

the errors as given in tadle I are found.

and APp.x-

Denoting the

TABLR 1
w! ¥v' Wire normal Wire 45° to wind
1) U to wind
A4, A-4,, B-Bya
Aya Ay, Bya
(percent) (percent) °* (percent )
0, 06 Too small %o Too suwall to Too small to
estimate estimate estimate
.10 0.2 Too small to 1.0
egtimate
«16 1.6 1.0 5.0
.20 7.0 5.0 9,0
y-15) 12.6 9.0 14,0
.30 19,0 16.0 20,0
.36 27.0 20 -

and

The errors were found to depend on the velcelty to a
slight extent, but not enough to warrant consideration in a
table of this sort, whioch, after all, 1s intended mainiy to
indicate the order of magnitude of the errors.

The errors indicated in column 2 apply to a measure-
ment of u'/U. They are in such a direction as to make the
measured value t00 high by the psrcentages given. The errors
indicated in columne 3 and 4 apply to the measurement of shear-
ing stress. According to equation (20) the error in the shear-
ing stress 1s the error in A;, plus the error in B,, for
the appropriate values of u'/U and v'/U. Again the error
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ig ip such a direction as to make the measured shearing stresa
too high,

" Besfore investigating the error in correlation coefficient,
it 1s noted that errors in v'/U and w'/U are not those in—
dicated in column 4 of table I, The controlling factor here
is the shape of the broken curve in figure 1l4. If the ampli-
tude of the fluctuatior does not go beyond the liner portion
of this ourve, the only error im v /U and vw! /U associated
with sise arises from the assumption that v/U and w/U are
given by A9 when actually they are given by tanAp . This
error will generally be neglibible for amplltudes that lle
within the linear portion of the curve. According to figure
14, the amplitude of a sinusoidal fluctuation will go beyond
the linear portion when v'/U or w'/U exceeds 0.19. It
will be assumed that the error arising from u'/U may be
corrected by means of equation (37), and v'/U and w'/U
will be regarded as being free from error due to sige for
values up to 0.19. It will be necessary to pass over the
question of errors for values greater than 0,19.

If no error in ! is assumed, 1t will be possidle to
get some idea of the error in correlation coefflcient from
table I, It is found, for examplc, that the error in K,
(equation (24)) is given approximately by the difference
between the errors in A;, and A;; in columns 2 and 3.

The error in K3z (equntion(25)) reaches about 2 pergent for
a value of 0.3 in coluun 1, The error in K, (equation (27))
is the error in chearing stress minus thet in u'.

At the 22—foot position the maximum value of u!'/U is
found from figure 22 to be 0.19. If u' and v' are in the
same ratio here as at the 17 -foot position, the predicted
v' /U will be about 0.,11. The errore charged to size in
meagsurements at the point nesrest the surface in the 22—foot
posltion are estimated to be:

6 percent in u! /U

6 percent predicted in cf

Not more than 1 persent predicted in K

No error predicted in v!/U and w'/U

According to reference 9 there 1s an error in compensa—
tion involved in the use of expreesion (39), whiich depends on
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the gliszse of a ternm

Bufa N

where a is the amplitude of the resistance changes divided
by B-Bp. It is shown that the error is less than 2 percent
when 3nfa M 18 no greater than 0.14., 8Since the distridbu-—
tion of amplitude with frequency in a turbulent boundary layer
is not known, no estimate of the actual error can be made.

The faot that an error in compensation 1s likely to enter to

a greater and greater degree as the fluctuations lncrease-in
slzse 1s further argument for using wires of the smalleant
poesidble dlameter,

X, CONCLUSIONS

An account hapg been given of the recent developments
in hot—wire instruments for use in turbulent boundary layers.
From the theory of hot—wire measurements and the charaocteris—
tice of the various instrumerts it is concluded that u', v!,
w', uv, and X may be measured. These quantities are among
the more important characteriestice of the turbulence needed
to further an understanding of turdbulent boundary layers,
The results so far obtained in the boundary—layer investiga—
tion for which the ingstruments were developed show that these
quantities can bo measured 1h the thilck turbulent boundary
layer uvsed in the present experiment. The average characteris-—
tice of the layer are shown by the pressure distridbution, mean
velocity distridution, thiclness, and separation point.

More observations are necesasary before the experimental
uncertainties can be properly appraised. In theory at least,
the important errors are those that increase with tha relative
magnltude of the flustuations and are inherent 1in the constant-—
current method of operating hot—wire anemometers. The relationsa
betveen the voltage und the magnitude and direction of the wind
are not linearj and it 1s for this reason that the proportion—
ality factors A and B are not constant, but are rather
some involved function of the root—mean—square value of the
fluctuations., This fact has long besen recognized, but has
never been a sperious drawback in the measurement of free—streanm
turbulence where the flusctuations rarely exceed a few percent
of the mean velocity. These errors are a matter of concern
in boundary—layer applications, but are not sufficient to
condemn the method. They do, however, show the need for
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further development of other methods of operation that are
better adapted to the measurement of large fluctuatlons,
such as the constant=temperature method with linearizing
circuits proposed by Weske in-reference 11,

National Bureau of Standards

Washington, D, C., June 29, 19is5,
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Figure 1l.- Front view of "boundary-layer wall" in 10-foot
wind tunnel. Height of wall is 10 feet. Instru-

ment support shown on working side.
—
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METHOD FOR ELECTROPLATING TUNGSTEN WIRE

METAL BOBBIN

TRANSPARENT ELECTROLYTE WELLS 1 AND?2
SEPARATED BYAIRGRAP

TUNGSTEN WIRE(C ATHODE)

—,Z’-Eo Sé:”ﬁ

2 ELECTRODES AS
r] ANODE FOR WELL NO.1

i 2 ELECTRODES AS
ANODE FOR WELL NO.2

BARE SeEcTION

?‘ Figure 4.- Electroplating bath. Insert shows a microphotograph
of 0.00031-inch diameter tungsten wire with plated
sections.
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Figure 5.- Assembled electrical equipment. A, amplifier;
B, power supply; C, control unit.
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R7, 100 v

R8, 500 "

R9, Special resistor adjusted to give 0.0025 volt arop
when carrying 1/2 scale oscillator meter current.

rR10, 1,000 ohms

R1ll, 250 »
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R13,10,000 ~
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Figure 6.- Diagram of control-unit circuit.
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R2 2,000 * R15 3,335 "
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R4 500, 000 * R17 10,000 "
RS 3,000,000 = R18 3,50 "
R6 1,000 " R19® 2,000,000 *
R7 25,000 " R20 1,000,000 "
R8 150 " R21 1,500 "
RY 750 R22 500 "
R10 50,000 " R23 10,000,000 =
R11 1,000,000 " R24 1,000,000 "
R1Z2 1,000,000 ~ R25 500,000 "
RS 2, 000 " RGC 10,240 ohms total
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ss. z ” ” n L] ”
sr. 2 " ” ” " ”
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C4, 0.04 ™ 8, 0,002 * c12, 0,02

Figure 7.- Diagram of amplifier circuit.
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PORTABLE TURBULENGE MEASUREMENT EQUIPMENT
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Figure 8.- Diagram of power-supply circuit.
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Figure 11.- Diagram showing linear relation between R/R-Rgq and

U sin ¢ (equation 7).
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§ Wall g X

Figure 13.~ Diagram illustrating position of wires for a
meagurement of turbulent shearing stress. Arrows
> indicate positive direction of x, y, U, u, and v.
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Figure 14.- Voltages I and I3 acroes each wire of an x-wire arrangement and difference
voltage Ep at various angles. U = 124 feet per second,
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Figure 19.- Distribution of u'/Ui, v'/Ul, and w'/Ul across boundary layer 17-1/2 feet from for-

ward stagnation point.
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Figure 21.- Distribution of correlation coefficient across boundary layer 17-1/2 feet from for-
ward stagnation point. K = Uv/u'v', K1, K2, and K3, values obtained from eouations
(24), (25), and (27) respectively.
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